Abstract Doped strontium titanates are very versatile materials. Iron doped SrTiO 3 can be used, for example, as a material for resistive gas sensors and fuel cell electrodes. In this paper, two compositions based on Fe doped SrTiO 3 were studied as possible candidates for cathode application in SOFCs. Namely, SrTi 0.65 Fe 0.35 O 3 and SrTi 0.50 Fe 0.50 O 3 were examined. A chemical reactivity between electrode and YSZ electrolyte material was investigated, since Sr containing cathode materials in contact with YSZ electrolyte are prone to form insulating phases. Electrical conductivity of bulk samples showed relatively low total conductivities of 0.4 S cm −1 and~2 S cm −1 for STF35 and STF50 respectively. Suitability for cathode application was studied by Electrochemical Impedance Spectroscopy in a symmetrical electrode configuration. Area specific resistance (ASR) was determined in the temperature range from 600°C to 800°C. At 790°C samples show polarization ASR of approximately 0.1Ω cm 2 . It can be expected that further reduction of electrode ASR can be obtained by introduction of ceria barrier layer and tailoring of the electrode microstructure.
Introduction
Solid Oxide Fuel Cells (SOFCs) are solid-state energy conversion devices, which have recently attracted much attention [1] . Their main advantages are high efficiencies of energy conversion and broad range of fuels that can be used. Due to the operation at elevated temperatures high electrode activities can be achieved without the use of expensive precious metal catalysts. It is current research trend to lower the operating temperature of SOFC to the intermediate temperature range, i.e. 600°C-800°C. At lower temperatures cheaper materials might be used for SOFC fabrication. On the other hand, due to thermal activation mechanisms, the electrochemical performance of electrolyte and electrodes is reduced and thus new materials/technologies must be developed. In case of the electrolyte, which at lower temperatures suffers from an increase of ohmic resistance, an application of a thinner electrolyte provides a compensation for lowering temperature [2] . In case of the electrodes, the electrochemical performance is lowered due to rather sluggish chemical kinetics (chemical resistance) of oxygen reduction reaction (ORR), surface exchange kinetics, etc. [3] . This cannot be easily overcome by lowering thickness and new materials are sought.
Nowadays, SOFCs cathodes are almost exclusively fabricated using a perovskite family of materials [4] . The family is recognized by a general chemical formula of ABO 3 . It can be substituted either in A or B site what results in alteration of perovskite physicochemical properties. For many years a (La,Sr)MnO 3 (LSM) cathode have gained broad popularity [5] . However, it is well documented that its main drawback is related to primarily electronic nature of conductivity and high activation energy for oxygen reduction reaction [6, 7] . It must be mixed with a good ionic conductor to form a mixed conducting electrode, which can provide higher electrochemical performance. To simplify construction and achieve better results, alternative single phase MIEC (mixed ionic electronic conductors) electrode materials are sought.
One of the possible alternatives can be a member of the strontium titanate (STO) family. The STO has a perovskite crystal structure and can be easily doped. It is stable at high temperatures and has been extensively studied due to its good dielectric properties. In the undoped state, it has rather low conductivity and is a wide-bandgap semiconductor with E g 03.2 eV at 0 K [8, 9] . It can be either acceptor or donor doped to meet many possible demands. For example, Nb doped STO has been presented as a successful resistive oxygen gas sensor [10] . In solid oxide fuel cells this material can be used for an anode fabrication. Nb doped STO with small additions of electrocatalytically active phase (Ni) has shown very good electrochemical performance when compared to the standard anode material of choice, i.e. the Ni-YSZ cermet [11, 12] .
Iron doped strontium titanates, SrTi 1-x Fe x O 3±δ (STF), present promising properties for resistive-type oxygen gas sensors [13, 14] . Due to their close to zero temperature coefficient of resistance (TCR) the STF materials are proposed as next generation oxygen sensors for exhaust gas monitoring in cars. Also, this material was successfully used for construction of propane gas sensor operating below 500°C [15] . The electrical properties of this material, including ratio of electronic/ionic conductivity (transference number), can be tuned by the doping level [16] . Recently, this material was used by Jung et al. [17] as a model mixed conductor dense cathode material for SOFC applications. Electrical conductivities in reducing and oxidizing atmospheres and chemical interactions with YSZ were studied before by Fagg et al. [18] . However, information about their electrocatalytic (oxygen reduction reaction) properties in symmetrical cells was not reported for porous samples.
The electronic conductivity of STF materials is rather low. For example, at the temperature 800ºC electronic conductivity of LSCF is as high as~300 S cm −1 , while that of STF50 is only~2 S cm −1 (Table 1) . However, the chemical surface exchange coefficient and ionic conductivities of STF are higher than for other cathode candidates [17] . State of the art (Ba,Sr)(Co,Fe)O 3 perovskite has still better properties, but it is prone to detrimental reaction with CO 2 so that its broader use is not possible. The ionic conductivity of STF35 and STF50 is comparable to the ionic conductivity of YSZ electrolyte at 800°C (~0.035 S cm
−1
). These potentially interesting properties have drawn attention to broader studies of these materials [17, 19] .
The drawback of STF materials, as is also the case with many other perovskite cathodes, is their thermal expansion coefficient (TEC) that is higher than that of YSZ 3-d (STF50). Appropriate amounts of powders were milled in ethanol for 10 h in a zirconia ball mill (Fritsch 7, Germany) using ZrO 2 balls. Then they were compacted into pellets and calcined at 1100°C for 10 h. The pellets were re-ground, compacted and calcined for the second time at 1200°C for 15 h. Resulting powders were ball milled and used for the preparation of pastes and pellets. A commercial vehicle system was used for this purpose (ESL403, Electro-Science Laboratories, USA).
Bulk samples in the form of pellets were used for electrical conductivity measurements in a van der Pauw configuration. For this purpose the powders were compacted at 100 MPa and sintered at 1400°C for 4 h. Porosity of pellets (diameter~13 mm, thickness~2 mm) was~8%. Silver (DuPont 4922 N, USA) electrodes were painted on the outer side of circular STF pellets and fired in-situ during heating of a tube furnace. Maximum silver current collector processing temperature was~800°C and at that temperature it remained stable for the relatively short measurement time (several hours). DC resistance measurements were collected in stationary air using Keithley 2400 sourcemeter.
Area Specific Resistance (ASR) was measured in a symmetrical electrode configuration. Dense yttria stabilized zirconia (YSZ) pellets served as a substrate. A commercial Table 1 The electrochemical and electrical properties of selected perovskites. Data taken from [17] . Values given for 800°C
Material
Surface exchange coefficient
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Tosoh 8YSZ powder was used to prepare dense electrolytes. YSZ powders were pressed at 150 MPa and sintered at 1400°C for 4 h in air. Porosities of electrolyte pellets (diameter~12 mm, thickness~800 μm) were lower than 4%. The STF paste was applied on both sides of electrolyte by brush painting. Mass change of samples during painting was controlled in order to get similar electrode thickness for all samples. After painting samples were left for 15 minutes at room temperature to level the paste and then were dried at 80°C. Afterwards samples were sintered at 1000/1100/ 1200°C for 1 h with heating and cooling rates of 3°/min. Electrode diameter was approximately 10 mm. Electrodes, which were sintered at lower temperatures than 1000°C, suffered from delamination from YSZ and thus are not presented here. Initially, together with STF35 and STF50, also STF65 composition was investigated, but due to its high TEC it was impossible to fabricate well-adhered and reproducible STF65 layers on YSZ electrolytes. After sintering, samples were placed in a spring loaded 4-wire cell with platinum meshes in contact with Ag current collector layer painted on top of STF electrodes. Impedance spectroscopy measurements were performed using Solartron 1260 frequency response analyzer. An amplitude of the excitation voltage of 25 mV was applied, frequency was altered from 1 MHz to 0.1 Hz. Spectra were collected starting from 800°C down to 600°C with 50°C intervals. The measurements were performed every 60 min to allow the system to equilibrate. Temperature control thermocouple was placed next to the sample in a distance of <2 mm.
The chemical reactivity tests of YSZ-STF composites were performed on 50:50 vol.% ratio powder mixtures. The mixtures were pressed into pellets at 50 MPa and fired in the same conditions as symmetrical electrodes (1000/1100/1200°C for 1 h). Additionally, chemical reactivity of compounds was checked by extended calcination (150 h) of those pellets at 800°C. The pellets were then ground in mortar to obtain powder for XRD phase analysis. Crystallographic structures and reaction products were checked using X-ray diffractometry. For these purposes a Philips X'Pert Pro diffractometer was used. XRD patterns were recorded with Cu K α radiation at room temperature. Cross sectional and surface images were recorded using FEI-Philips XL30 ESEM scanning electron microscope.
Results and discussion
Temperature dependence of electrical conductivity of STF35 and STF50 pellets are shown in Fig. 1 . It can be seen that the materials differ both in the value of conductivity and in its temperature dependence. The conductivity of STF35 and STF50 at 800°C is~0.4 S cm −1 and~2 S cm −1 , respectively. For lower iron content, x00.35, conductivity below 700°C increases when the temperature increase while it is almost constant in the range from 720°C up to 900°C. For higher iron content, conductivity decreases with the temperature increase. It agrees well with the previously reported results [13, 14, 21, 22] . As a general trend, at lower doping levels the conductivities increase with an increase of the temperature, while at higher temperatures the conductivities decrease with an increase of temperature. The sample close to the transition in the temperature behavior of conductivity shows a zero-TCR behavior. Indeed, as shown in the literature [13] , the transition in temperature behavior is observed at iron doping level of x00.35. Extensive information about these interesting properties is given in [14] . Electrical conductivities of both materials are low. The results obtained in this study are comparable to that reported in the literature [17] . The differences might be due to different porosities, differences in powder preparation procedure or different grain sizes. Conductivities reported here were obtained for almost dense samples. In case of the porous samples, values might be even one order of magnitude lower. Low electronic conductivity of material together with inefficient current collector on top of the electrode can result in an increase of constriction resistance [23] . On the other hand, reported properties (electrode polarizations surface exchange kinetics) of STF thin film cathodes were excellent, which makes the study of porous cathodes of interest for evaluation [17] .
SEM images of STF50 electrode processed at 1200°C for 1 h are shown in Fig. 2(a) and (b) . Figure 2(a) shows the surface of the electrode, while Fig. 2(b) the cross section of the sample. In the cross section image, the~3 μm thick Ag current collector is visible on the top of the porous electrode. As can be seen in both images, the STF layer is highly porous, with average pore diameter of about 1-2 μm. The cathode particles are of about the same order of size. The thickness of the electrode is approximately 25 μm. Moreover, a~3 μm thick dense interlayer is visible between the electrolyte and cathode. This is a product of the reaction of [18] . The EDX analysis revealed that the reaction products are composed mainly of Sr and Zr, which form insulating SrZrO 3 [18] .
Impedance spectra of symmetrical Ag/STF50/YSZ/ STF50/Ag structures measured in the temperature range from~600°C to~800°C are presented in Fig. 3 . In the insert, the spectra collected at 790°C are shown. At 790°C only one semicircle is distinguishable, while at 600°C at least two semicircles can be distinguished. The higher frequency semicircle has much lower resistance, while the resistance of lower frequency semicircle dominates. At 740°C and 790°C no distinction between these two can be made, which implies that the activation energy of the higher frequency semicircle is higher. In case of the dense STF, which was studied by Jung et al. [17] , which were comparable in compositions to ones studied here, only one almost ideal semicircle was recorded. Authors concluded that the performance of thin, dense STF was limited by surface exchange kinetics. In this study layers were prepared by pulsed laser deposition with different thicknesses and surface areas, while the measurements were performed at different temperatures and different oxygen partial pressures. Those experimental conditions allowed for the determination of the rate determining reactions.
An ohmic resistance is defined as a high frequency x-axis intercept, while the polarisation resistance as a difference between low and high frequency intercepts, what can be described by the following formulas:
Although, at some temperatures the polarization part of the impedance is complex in shape, it is regarded in this study as only one resistance and no attempts are made to deconvolute its complex shape into possible sub-processes. To describe and compare electrode processes the Area Specific Resistance (ASR) is extensively used in the literature and in case of the symmetrical cells is defined as:
where R is the resistance, A is the electrode area and the factor of 2 in the denominator is related to two identical interfaces between electrolyte and electrode. Both ohmic and polarization resistances were used for calculation of ASR ohmic/polarization , but factor of 2 is used only for calculation of the polarization ASR. Ohmic part of the impedance is attributed to electrolyte lossess, whereas polarization ASR is attributed to the complex electrode properties. Therefore ASR ohmic is determined by the ohmic loss of the electrolyte and reaction product layer (between electrolyte and electrode) and ASR polarization is determined by STF material properties and The temperature dependence of ohmic ASR is shown in Fig. 4 . The ASR values at 790°C are also presented in Table 2 . The values of ohmic ASRs are very similar for all samples, i.e. they weakly depend on the processing temperature (see Table 2 ). ASR values obtained for STF50 are lower than that for STF35, which might be explained by higher electronic conductivity of the former material. The thickness of the YSZ electrolyte pellet was~0. 8 Fig. 2(b) , reaction products are present at the interface of the electrolyte and electrode, forming low conductivity SrZrO 3 layer. However, the increase of the sintering temperature is not manifested by the increase of ohmic ASR. It suggests that other parameter must be responsible for the ohmic resistance. It can be the ohmic drop through the cathode or constriction resistance due to current collection from weakly conductive electrode.
The polarization ASR values for STF35 and STF50 are shown in Fig. 5 . In this case the sintering temperatures have a strong influence on the electrochemical behavior. The electrodes sintered at 1200°C have more than an order of magnitude higher ASR than that sintered at 1000°C. In the case of the electrodes sintered at 1200°C and 1000°C similar ASR polarization resistance are obtained for STF35 and STF50, at 1100°C significant difference is observed. As was observed by Mai et al. [24] , reaction between YSZ and Sr containing cathode leads to increase in both the serial and polarization resistance, from which the latter one is dominant. The change in the polarization ASR can be connected to formation of SrZrO 3 perovskite phase with poor oxygen ion conductivity (4.3×10 −5 S cm −1 at 750°C [25] ). The lowest ASR polarization resistances of 0.124 Ω cm 2 and 0.143Ω cm 2 , for STF35 and STF50 respectively, were obtained at~790°C for the electrodes sintered at 1000°C. The higher level of electrical conductivity of STF50 (~5 times) is not clearly manifested on ASR polarization resistances. The ASR activation energies were in the range of 1.20-1.36 eV with slightly lower values for STF50 compositions. Those activation energies are in the range usually reported for other cathode materials, e.g. in the case of the LSM [5] or (La, Sr)(Co,Fe)O 3 -(Ce,Sm)O 2 (LSCF-CSO) composites (1.2 eV-2 eV) [26] . The results of polarization resistances for STF mixed conductor cathode are between pure electronic conductors like LSM and mixed conductors based on composites, e. g. LSCF-(Ce,Gd)O 2 system [27] or state-of-the-art (Ba,Sr) (Co,Fe)O 3 (BSCF) [28] . For pure LSM on YSZ an ASR of 3.5 Ωcm 2 at 750ºC was obtained [29] , while for LSCF on YSZ an ASR of~0.1 Ωcm 2 was obtained at the same temperature [30] . The mechanism of the rate limiting step is to be examined in further studies, however it is rather unlikely, that surface exchange kinetics will be the limiting factor for porous mixed conducting electrodes [31] . At this stage it is not possible to evaluate the effects of sintering for electrodes prepared at higher temperatures, since the results are dominated by the reaction between STF and YSZ. Sintering leads to increase in grain contact on one hand but on the other hand leads to lower porosity, so that existence of an optimum sintering temperature is expected [32] and will be studied in the future.
The obtained ASR polarization resistance results are encouraging for further studies of STF for SOFC application. It is impossible to compare them directly with other reports, since similar data are not available for the porous STF cathodes in symmetric electrode or SOFC configuration. The data obtained for thin dense electrodes are not easily comparable. Jung et al. [17] have shown that the ASRs of STF35 and STF50 were approximately of 2-3Ω cm 2 at 650°C. There was a tendency to lower ASR with an increase of iron content, however for iron content above 0.35 the increase become insignificant. The introduction of porosity into a cathode structure, in this study, lowers its electrical conductivity and provides access for oxygen at electrochemically active sites. As the result of much higher surface area for oxygen exchange, the effect of rate determining surface exchange kinetics can be limited. Canales-Vazquez et al. [33] [34] [35] [36] , LNF cathode [37] and LSM-YSZ composites [38] . All of these materials exhibit much higher electronic conductivities, so results obtained for STFs are interesting. It can be expected that the enhancement of the STF microstructure and mitigation of formation of insulating phases, may improve the ASR polarization.
The chemical reaction between STF35/STF50 and YSZ was investigated using XRD analysis of YSZ and STF composite powders (50/50 vol% mixtures) annealed in different conditions. Both studied powders provided similar results and thus only patterns of the reacted STF35 are presented here (Fig. 6) . The XRD reflexes observed in the patterns correspond to YSZ, STF and their reaction products. Reaction products are present for all studied sintering temperatures. With an increase of the sintering temperature, the intensity of peaks originating from STF perovskite phase (2θ032.3°, 46.5°, 57.8°) decreases due to the formation of SrZrO 3 based compounds. With an increase of the processing temperature, the reaction products peak detected initially at 2θ031.0°shifts to 2θ031.35°with a simultaneous increase of its intensity (inset in Fig. 6 ). At 1100°C additional peak at 2θ032.0°is detected, which at 1200°C does not change its position, but increases intensity and become more prominent than the peak at 2θ031.35°. Peak shifting to higher 2θ values suggest a decrease of cell parameter. Ionic radii of reacting species: Fe IV+ 00.585 Å, Ti IV+ 00.605 Å, are smaller than ionic radii of Zr IV+ 00.72 Å. Forming SrZrO 3 based phases can probably substitute Fe, Ti into B site, what results in a change of cell dimensions. Also some Zr can be incorporated into STF lattice changing its properties. Probably these two mechanisms occur simultaneously and are responsible for two perovskite reaction products. Intensity of the peaks corresponding to the reaction products is the highest for the sintering temperature of 1200°C, where STF originating peaks are diminished in intensity. Fagg et al. [18] reported that after 10 h at 1350°C, a mixture of YSZ and STF was almost fully reacted. At lower temperatures they also detected forms of SrZrO 3 based oxides.
The reactivity studies of YSZ and STF were also carried out by isothermal treatment of STF-YSZ powder mixtures at 800°C for 150 h. This is an operating temperature of intermediate temperature SOFCs and the aging behavior is of primary importance. In this case the mixtures were not calcined at higher temperatures. After 150 h of isothermal treatment a small peak corresponding to the reaction products is visible. This is the same phase as observed for higher calcination temperatures. The same phenomena occur for all Sr (and La) containing materials and it can be avoided by application of doped ceria interlayer on YSZ electrolyte, which is much less reactive with cathode powders and acts as a barrier layer. The dense STF cathode behavior studied by Jung et al. [17] included measurement of the electrode behavior on YSZ and, as a reference, on a CGO. No noticeable differences in ASRs were obtained, implying that the cathode electrochemical processes were limiting. In their case, however, the samples were deposited as thin films by a pulsed laser deposition (PLD) method, so temperature treatment was avoided. The maximum studied temperature was 650°C. Cathodes processed at high temperature (>1000°C) usually heavily react with the YSZ electrolyte, what significantly increases electrode resistance. The incorporation of ceria barrier layer between the cathode and electrolyte lowers the reaction extend and in effect the electrode resistance should be lowered. The electrode properties obtained in this study are very encouraging and further studies adopting ceria buffer layer between cathode and electrolyte are planned.
Conclusions
In this paper the electrical properties and reactivity with YSZ of SrTi 0.65 Fe 0.35 O 3 and SrTi 0.50 Fe 0.50 O 3 were investigated with respect to potential SOFC cathode application. For the first time porous STF electrodes in a symmetrical configuration were investigated and these results are reported here. The best results are obtained for STF electrodes sintered at 1000°C. Namely, the polarization ASRs of 0.1Ω cm 2 at~790°C and activation energies of~1.3 eV were obtained. The ASR polarization resistances were strongly affected by the sintering temperature, while the ASR ohmic resistances were not sensitive to this parameter. The higher electrical conductivity of STF50 composition in comparison to STF35 did not lead to the improved cathode performance. Relatively low electronic conductivities combined with high ionic conductivities results in good overall performance as possible SOFC cathodes. It is expected that tailoring STF microstructure can lower ASR resistances, similar to other cathode materials. Reactivity studies show that sintering at 1000°C, 1100°C and 1200°C and long-term operation at 800°C results in formation of SrZrO 3 based phases. This study shows, as the complement to previous results obtained for dense STF thin films, the feasibility for use of porous STF cathodes as oxygen reduction electrodes for SOFCs. Future studies will include the study of the influence of CGO barrier layers and will focus on microstructure optimization, which should improve cathode parameters. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
